The success of any nanoimprint process depends upon its ability to exactly reproduce the template pattern. Thus, complete filling of recessed features in the template is an important issue that is controlled by the dynamics of the flow through these sharp structures. At these small scales, capillary forces are large and must be included in the fluid flow model. The mechanism of interface advancement at low capillary number through sharp rectangular features is useful for understanding how and why features fill or trap air. In this study we present a two-dimensional simulation of this feature filling to capture the details of the process, including the viscous and capillary effects. Fluid is injected into the channel between the template and substrate, where the fluid-air interface soon encounters a rectangular feature with some height greater than the channel gap. As the fluid advances through the channel, the shape of the interface is a circular arc due to the strong capillary forces. The interface maintains this circular arc as it negotiates the first sharp corner of the feature; the upper contact line effectively pins to the initial corner of the feature as it moves around this corner, during which time the lower contact line continues to advance forward along the substrate surface, causing the interface to stretch. For sufficiently wide or shallow features, once the upper contact line has negotiated the first corner and has moved vertically up the inner wall of the feature, it must move through the top corner of the feature. At this point the interface undergoes a rapid reconfiguration from a high surface area circular arc to a lower surface area circular arc inside the feature. Alternatively, for narrow or high features, the stretched interface can catch on the far, final corner of the feature, trapping air inside the feature and preventing filling. The conditions for filling are studied parametrically for a variety of wetting contact angles and feature dimensions with both the simulation and a simpler, successful geometric model. The dynamics of the feature filling suggest an effective boundary condition for a macroscopic lubrication model of the imprint lithography process in which a critical pressure is required to move fluid through a feature.
I. INTRODUCTION
The Step and Flash Imprint Lithography ͑SFIL͒ process offers a high-throughput, low-cost alternative to modern methods of lithography. The process makes use of the liquid monomer form of the etch barrier. The monomer drops, which are typically acrylate-based formulations, are pressed into the desired shape by bringing a template, typically a quartz mask, down with a given speed or applied force, making the best use of the capillary and viscous force interaction to minimize the imprint time. 1 The imprint area is one square inch with a final base layer of approximately 50 nm; the template velocity begins on the order of a micron per second and drops to just a few nanometers per second at the end of the process. The SFIL technique has allowed the production of features as small as 30 nm, after imprint and etch. 2 Typical capillary numbers for these flows are very small due to the small feature size and relatively low flow rates. Given a monomer with typical density, O͑1 g cm −3 ͒, interfacial tension O͑30 dyn cm −1 ͒, and viscosity O͑1 cP͒, the capillary number is as small as 10 −3 . The Reynolds number is, at the largest, on the order of 10 −3 . Clearly, capillary wetting is an important part of the filling process, and is particularly important for the filling of features in the template. If features do not fill appropriately, instead trapping an air bubble inside, the resulting photoresist image is untrue to the original mask, and the failed pattern transfer can lead to a nonfunctional circuit on the wafer. A fundamental understanding of this nanoscale filling process is useful for predicting which types of features will fill or trap air; the goal of this study is to obtain this fundamental a͒ Author to whom correspondence should be addressed. Electronic mail: rtb@che.utexas.edu understanding through simulation of the interface movement through the template features.
Feature filling applications in other processes, such as injection molding, encounter similar flow effects at feature edges. Numerical techniques have been developed to handle the effect of the vertical fluid movement at sharp corners such as T junctions.
3 Studies have also been done on the motion of an advancing interface. 4 These are generally high capillary number flows, unlike those in imprint lithography.
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Little is known, however, about low-capillary number interface motion through these sharp lithographic features.
II. MODEL
Consider the following two-dimensional feature filling illustrated schematically in Fig. 1 . A Newtonian fluid of viscosity and density is injected from the left inlet S i at a constant average velocity U in the gap between a lower flat surface S L and an upper surface S U that has a rectangular feature. The gap has a nominal height h 0 , and the height and width of the feature are h f and w, respectively. The static contact angles at the lower and upper contact lines ͑three-phase lines TPL U and TPL L ͒ are 1 and 2 . The sharp corners of the feature are modeled using rounded corners with very small radii of curvature equal to 1% of the gap height. This allows the computation to progress smoothly, avoiding numerical instability at the corners.
Although in practice the nanoimprint process has the upper surface move toward the lower surface to close the gap, it is a convenient approximation to simulate the process by allowing fluid to move into the cavity, while keeping the surfaces at a constant gap height. This is valid due to the comparative magnitudes of the horizontal ͑inlet͒ and vertical template velocities, U and V, where the horizontal velocity scales as U ϳ͑R / h 0 ͒V, where R is the radius of the drops and is much greater than h 0 . Thus, U ӷ V and the change in the gap height and vertical velocity can safely be neglected during the feature-filling process.
The flow is described by the dimensionless Navier Stokes equations of motion,
where Re= ␥h 0 / 2 is the Reynolds number, is the fluid density, ␥ is the surface tension, v is the fluid velocity, t is time, is the fluid viscosity, and p is the fluid pressure. The pressure, velocity, and lengths have been nondimensionalized by ␥ / h 0 , ␥ / , and h 0 , respectively. Due to the scale of this process, the inertia of the flow is generally negligible with ReϷ 10 −4 , for typical parameters h 0 = 100 nm, = 1 cP, ␥ = 30 dyn cm −1 , and =1 g cm −3 . At the inlet, S i , fluid is injected at a constant rate so that
where n is the outwardly directed surface normal and Ca is the capillary number, which is typically on the order of 10 −3 . In addition to the condition of no flow through the upper and lower surfaces S U and S L ͑n·v=0͒, there are also partial slip boundary conditions given by
where t is the tangent vector on the surface, ␣ is the decay parameter or roughly the inverse slip length, v s is the velocity of the interface, and r is the distance from the contact line. A very small slip length, with ␣ =10 −3 , was used for S L . A longer slip length, with ␣ =10 −2 , was enforced on S U due to its discontinuous nature. These slip lengths corresponded to roughly one mesh element over S L and five mesh elements over S U , due to the irregular FEM grid used over the fluid domain. Simulations with much finer mesh elements showed similar behavior, so the results are independent of the size of the grid elements.
At the fluid-vapor interface, S C the kinematic and normal stress conditions are applied, as given by
The points at the upper and lower three-phase lines, TPL U and TPL L , both carry contact angle boundary conditions on the mesh equations, where the contact angle is defined as the angle between the wall and the free surface normal:
where n w is the wall normal. For the full numerical simulations, both contact angles are set to 30°. This rigid contact angle constraint may be replaced by a dynamic contact angle boundary condition, in which the contact angle may be determined by the following expression from molecular-kinetic theory:
where v is the wetting line speed, h is Planck's constant, is the liquid viscosity, L is the unit of flow for the liquid ͑gen-erally the molecular volume͒, ␥ is the surface tension of the liquid, k B is Boltzmann's constant, T is the absolute temperature, n is the number of adsorption sites per unit area, =1/ ͱ n, 0 is the equilibrium contact angle, is the dynamic advancing contact angle, and s 0 is given by
where ⌬g s * is the surface contribution to the specific activation free energy of wetting. Using typical values of a liquid monomer, with L = O͑10 −10 ͒, and n = O͑10 18 ͒, the prefactor ␥ / ͑2nk B T͒ is O͑1͒, and when multiplied by ͑cos 0 − cos ͒, the sinh argument is O͑10 −1 ͒, so that we can replace Eq. ͑8͒ with a simplified, linearized version of the dynamic contact angle model,
where v 0 is a dimensionless constant,
and v 0 = O͑10 −1 ͒, computed from typical values given above and ⌬g s * = 86 mJm Ϫ2 ͑from Blake and De Coninck 6 ͒, U =10 −2 msec −1 ͑the capillary motion horizontal velocity͒, and an equilibrium contact angle of 0 = 28°, for a monomer that is wetting to the surface.
The simulations were performed using a software package known as GOMA, which is ideal for simulating processes in which the bulk fluid transport is closely coupled to the interfacial physics. GOMA is a two-and three-dimensional finite element program that has been demonstrated to accurately model free or moving interfaces.
7-10 It includes a full Newton coupled heat, mass, momentum, and pseudosolid mesh motion algorithm for a solution of the conservation equations using the Galerkin method of weighted residuals on a fully coupled Newton-Raphson iterative scheme. The code uses a moving mesh algorithm that treats the domain as a computational Lagrangian solid that deforms based on the physics of the problem.
III. RESULTS AND ANALYSIS
Figure 2 displays a typical time trace of the fluid-air interface as it moves through a feature under low Capillary number conditions, where Ca= 10 −3 . The interface initially takes on a circular arc shape by t = 5.9 ͑dimensionless units͒, until reaching the feature corner, where it effectively pins to the inner corner of the feature, at t = 757, as the upper contact line negotiates around the feature corner while the bottom contact line moves along the wafer surface. The upper contact line then moves vertically to the top corner of the feature, by t = 1852, at which point the highly stretched interface is able to reconfigure into a stable lower surface energy conformation at t = 1876. This reconfiguration involves a rapidly advancing upper contact line in concert with a rapidly receding lower contact line to bring the interface into a more stable, lower surface energy position. Finally the interface moves through the final corner of the feature and fills by t = 2633. It is important to note the time scale of the reconfiguration process, which happens more than an order of magnitude faster than any other event in the filling process.
In order to confirm that this interface reconfiguration is not an artifact of enforcing the contact angles to be 30°, the contact angle boundary condition was modified to allow flexibility in the contact angle condition using the dynamic contact angle theory described in the simulation section. This simulation was also performed at an order of magnitude higher capillary number, Ca= 10 −2 . The results are shown in Fig. 3 , where it can be seen that the entire filling process is an order of magnitude shorter in time, due to the higher capillary number. Even at higher capillary number flow with a dynamic contact angle, the interface reconfiguration is roughly an order of magnitude faster in time than any other event in the filling process.
On closer inspection of Fig. 3 , it is apparent that the interface stretches to a point where it nearly touches the far corner of the feature. If the interface were to move through a feature whose geometry was such that the interface did indeed catch on the far corner, as depicted in Fig. 4 , the feature may trap an air pocket and thus not fill appropriately. Simulations were performed for various geometric conditions, using the constrained contact angle condition and low capillary number wetting. The results, shown as large and small circles corresponding to features that filled or trapped air due to interface stretching, are shown in Fig. 5 . There is a clear trend for air trapping as either the aspect ratio becomes high or the feature becomes relatively narrow.
It is possible to solve the interface entrapment geometrically, assuming the interface is a circular arc and the contact 
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angles are known. The set of equations to be solved for such a geometric analysis include
where x 0 and y 0 are the coordinates of the center of the circle that the circular arc interface belongs to, r is the radius of that circle, w is the feature width, d is the horizontal length of the stretched interface, h 0 is the initial gap height, h c is the critical height to which the upper contact line must rise for the interface to touch the far corner of the feature, and 1 and 2 are the contact angles. The boundary delimiting the fill and no fill regions is shown by the dashed line in Fig. 5 , which is the exact numeric solution to these equations. An analytic asymptotic solution, for 1 Ӷ / 2 and 2 Ӷ / 2, can also be expressed in terms of the geometric parameters and is given by
The prediction of the approximate model is shown by the solid line in Fig. 5 , and it follows the exact geometric model closely. Geometric results are also shown for a range of wetting contact angles in Fig. 6 . Since the area under the curves is largest for the case where the substrate is less wetting than the template, this is the case that is most advantageous for feature filling. This is due to the interface stretching occurring more significantly in the vertical direction rather than the horizontal direction, so that the interface is less likely to catch on the far corner of the feature when the upper contact angle is more wetting than the lower contact angle.
IV. DISCUSSION
The feature-filling process for low capillary number fill is clearly depicted here as an interface-driven process, where fast interface reconfiguration pushes the fluid into the feature and allows it to fill. The rapid reconfiguration of the interface is the key step in the overall filling process; once this occurs, the remainder of the feature fills at the same time scale as the surrounding area. This rapid reconfiguration is due to the unstable nature of the stretched interface, which is brought to an equilibrium position by taking on a lower surface area conformation inside the feature. The interface instability occurs when the upper contact line rounds the top inner corner. At this point the extreme curvature of the interface near the upper contact line drives fluid near the interface toward the top corner, effectively pulling the lower contact line back to allow the interface to take on a more stable configuration.
The filling process includes a stretching of the interface as the upper contact line pins to the inner corner of the feature. This stretched interface configuration can lead to air entrapment in features. Features large in width or of low aspect ratio are much easier to fill than narrow features for 
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any given aspect ratio, but below an aspect ratio of about unity, features will generally fill with ease. A geometric study gives a very good prediction on how this stretched configuration will affect feature filling for a given aspect ratio and feature width. The geometry study also shows that for a substrate that is less wetting than the template, a wider variety of features will fill. A variety of contact angles was also explored in the simulations of the interface motion, where contact angles varied from 5°-40°, and the phenomena of the rapid interface reconfigurations was found to be similar in these cases, although the filling of features varied based on feature dimensions. Results for rapid interface reconfiguration have been seen experimentally in the study of foam lamella movement through porous media. 11 An enforced pressure gradient through a pore causes a lamella to move forward through the pore. As the lamella moves through the widest part of the pore, analogous to the corner of the feature, it rapidly snaps forward into the narrow portion of the pore. This movement from a highly stretched, high surface energy conformation to a low-energy, equilibrium surface conformation is very similar to the interface reconfiguration predicted in the simulations in this study.
The understanding gained from these simulations is usefully implemented in a 2D simulation of the imprint process of the fluid movement over the wafer area, i.e., the plane perpendicular to the profile view considered in this study. The plan view may be modeled using the lubrication approximation and capillary boundary conditions on the pressure. 1 Though the details of the vertical fluid-air interface movement cannot be captured in this plane, the pressure field and the reconfiguration around sharp corners relevant to the lubrication model may be captured by an effective ad hoc boundary condition. The premise is to allow the pressure to build up at the interface when it arrives at the feature corner until the pressure is large enough to match the necessary interfacial pressure for the interface to exist inside the feature cavity at equilibrium. This pressure buildup is simply used to mock the pressure at the interface near a feature and the effects of interfacial reconfiguration that is taking place in the vertical dimension. Thus, the macroscopic boundary condition, in which the interface reconfiguration is represented by a pressure buildup at the interface, progresses from the initial capillary pressure to an intermediate pressure, until it reaches the final heightened pressure inside the feature;
where p initial is the boundary pressure of the interface at the entrance to the feature, h small is the height of the gap outside the feature, p intermediate is the boundary pressure during the interface stretching, p final is the boundary pressure of the interface inside the feature, and h large is the height of the gap inside the feature. By solving the lubrication equation for the intermediate pressure, the pressure at the interface is allowed to build without actually moving the interface until the pressure reaches p final . This effective boundary condition is similar in spirit to the Haines critical curvature for imbibition of a wetting phase into a porous medium.
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V. SUMMARY
This study provides insight on the motion of the fluid-air interface through sharp features at a low capillary number. The rapid interface reconfiguration may be simulated in detail in the profile plane of the gap between the upper and lower surfaces, going through a stretched configuration as the upper contact line effectively pins to the initial feature corner, and then quickly reconfiguring into a more stable conformation inside the feature as soon as the upper contact line advances through the upper feature corner. This detailed motion cannot be captured in the macroscopic simulation of the 2D fluid flow over the area of the substrate, but the overall effect of the interface stretching and reconfiguration at the feature edges can be encapsulated in an effective macroscopic boundary condition. Through this effective boundary condition, the process may be modeled as a pressure buildup at the interface when it encounters a feature's edge; this buildup continues until the interface has obtained the pressure it must achieve to exist inside the feature at equilibrium, i.e., reconfigured to exist inside the feature.
